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An i n v e s t i g a t i o n  w a s  conducted on the  thermal   protect ion  system (TPS) used  on 
t h e  Space S h u t t l e   o r b i t e r  t o  de termine   inp lane   s t ra ins   in   the   reusable   sur face   insu-  
la t ion   (RSI)  tiles under   s imulated  f l ight   loads.   Also,   the   effects  of changes i n   t h e  
s t r a i n  isolator pad  (SIP)  moduli on t h e   s t r a i n s   i n   t h e  t i l e  were evaluated. To 
analyze  the  SIP/ t i le   system, it w a s  necessary t o  determine  the material proper t ies   o f  
t h e   d e n s i f i e d   l a y e r  of the t i le .  Thus, tests were conducted t o  determine  inplane 
tens ion  and  compression  modulus  and  inplane f a i l u r e   s t r a i n   f o r   t h e   d e n s i f i e d   l a y e r  of 
t h e  two types  of tiles, denoted LI-900 and LI-2200, used  on  the  Shuttle.  

The test r e s u l t s  show t h a t   d e n s i f y i n g   t h e  LI-900 t i l e  m a t e r i a l   i n c r e a s e s   t h e  
modulus by a f ac to r   o f  6 t o  10. The dens i f i ed   r eg ion   ex tends   i n to   t he   ma te r i a l  
approximately 0.10 in.   and  has  an  irregular  boundary.  This  irregular  boundary  and 
v a r i a t i o n s   i n   t h e   d i s t r i b u t i o n   o f   s i l i c a   t h r o u g h o u t   t h e   d e n s i f i e d   m a t e r i a l   r e s u l t   i n  
l a r g e   v a r i a t i o n s   i n  measured  modulus  values.  Densifying  the LI-900 t i l e  reduces   the  
f a i l u r e   s t r a i n  o f  t h e   m a t e r i a l  by approximately 5 0  percent.   For  the LI-2200 t i l e ,  
d e n s i f i c a t i o n   r e s u l t s  i n  a  more uniform  material .  

Analys is   o f   the   dens i f ied  LI-900 RSI  tile/O. 160-in-thick S I P  system shows t h a t  
t h e   i n p l a n e   s t r a i n s   i n   t h e  t i les ,  even f o r   t h e  more highly  loaded t i l es ,  a re   approxi -  
mately 2 orders   of   magni tude  lower  than  the  inplane  fa i lure   s t ra in   of   the  t i l e  mate- 
r i a l .   C a l c u l a t i o n s  show t h a t  most  of t h e  LI-900 t i l e s  on the   Shu t t l e   cou ld   be  
mounted  on  a S I P  wi th   t ens i l e   and   shea r   s t i f fnes ses  10 times those  o f  t he   p re sen t  S I P  
w i t h o u t   i n p l a n e   s t r a i n   f a i l u r e   i n   t h e  t i l e .  A s t i f f e r   S I P  may have b e t t e r   s t a t i c   a n d  
f a t i g u e   s t r e n g t h ,  which  might  improve t h e   l i f e  of t h e   S I P / t i l e  system. 

INTRODUCTION 

The thermal   protect ion  system (TPS)  used for   h igh-hea t ing   a reas  of t h e  Space 
S h u t t l e   o r b i t e r  is composed of a r r a y s  of reusable   sur face   insu la t ion   (RSI)  t i les.  
The t i les  are composed of f i b r o u s   s i l i c a ,  which is r e l a t i v e l y   b r i t t l e  and  has a low 
c o e f f i c i e n t  of  thermal  expansion.  Because  of  the  differences i n  t he   coe f f i c i en t   o f  
thermal  expansion  between  the t i les  and aluminum, t h e  t i l e  cannot  be bonded d i r e c t l y  
t o   t h e  aluminum skin  of t h e   o r b i t e r .  The t i les  a r e  bonded t o  a f i b r o u s   n y l o n   f e l t  
s t r a i n   i s o l a t o r  pad (SIP) which is, i n   t u r n ,  bonded t o   t h e  aluminum skin.   Studies  
have shown ( r e f .   1 )   t ha t   dens i fy ing   t he   f ay ing   su r f ace  of t h e  t i l e  s i g n i f i c a n t l y  
improves   t he   s t a t i c   s t r eng th  of the   t i l e /SIP   sys tem.  However, f a t i g u e  tests ( s e e  
r e f .  2 )  have shown tha t   cyc l i c   l oad ing   r e su l t s   i n   t he   S IP   ex tens ion   i nc reas ing   w i th  
e a c h   c y c l e   u n t i l   f a i l u r e  due t o   s e p a r a t i o n  or excessive  e longat ion of the  SIP  occurs  
a t  a r e l a t i v e l y  low number of cycles .  Improvements i n   t h e   f a t i g q e   l i f e  of t h e  
SIP/ t i le   sys tem  requi re  a change i n   t h e   S I P  material. A t t e m p t s  t o  modify t h e   p r e s e n t  
material o r   t o   deve lop  a new SIP  with  improved s t a t i c  and   fa t igue   s t rength  would  most 
l i k e l y   r e s u l t   i n  a s t i f f e r  material, which  would induce   h ighe r   s t r a ins   i n   t he  t i l e  
and  could  induce t i l e  f a i l u r e .  

The c u r r e n t   i n v e s t i g a t i o n  w a s  conducted to   analyze  the  SIP/ t i le   system  under  
t y p i c a l   f l i g h t   l o a d   c o n d i t i o n s   a n d   t o   e v a l u a t e   t h e  effects of i n c r e a s i n g   S I P   s t i f f -  
n e s s  on t h e   i n d u c e d   s t r a i n   i n   t h e  t i l e .  To ana lyze   the   SIP  t i l e  system,  however, it 
w a s  necessary t o  measure the   ex tens iona l  modulus  of t he   dens i f i ed   l aye r   o f   t he  RSI 



t i les.  T h i s   r e p o r t   i n c l u d e s  a desc r ip t ion   o f   t he  tes t  setup  and  instrumentat ion 
developed t o  measure the  inplane  tension  and  compression  moduli   and  inplane  fa i lure  
s t r a i n s  fo r   bo th   t ypes   o f  RSI t i les  used   on   the   Shut t le  orbiter (commonly r e f e r r e d   t o  
as LI-900  and  LI-2200 t i l es ) .  The measured p r o p e r t i e s  were used   wi th   an   ex is t ing  
n o n l i n e a r   s t r u c t u r a l   a n a l y s i s  computer  program t o  determine what eEfect   changes  in  
S I P   s t i f f n e s s  would have   on   the   induced   s t ra ins   in   the  t i les .  Although  modulus mea-  
surements were made f o r   b o t h   t h e  LI-900 and LI-2200 t i les ,  t h e   a n a l y s i s  w a s  l i m i t e d  
t o   t h e  LI-900 t i l e  system,  since it i s  used   on   t he   l a rge r   po r t ion   o f   t he  orbiter and 
h a s  a s h o r t e r   f a t i g u e   l i f e .  

ANALYTICAL MODEL 

The SIP/ t i le   system w a s  ana lyzed   for   loads   and   subs t ruc ture   deformat ions   typ ica l  
of   those  expected on t h e   S h u t t l e   o r b i t e r   f o r   t h e   h i g h l y   l o a d e d  t i les.  The a n a l y t i c a l  
procedure i s  presented  in   reference  3 ,   and a ske tch   o f   t he   ana ly t i ca l  model i s  shown 
i n   f i g u r e  1 .  The model cons i s t s   o f  a 2-in-thick t i l e  a t t a c h e d   t o   t h e   s u b s t r u c t u r e  
through a 0.160-in-thick  SIP. The t i l e  has  a 0.01-in- thick  glass   coat ing on t h e   t o p  
a n d   s i d e s ,   b u t   t h e   e f f e c t s   o f   t h e   c o a t i n g  on t h e  t i l e  s i d e s  are neglected. The aero- 
dynamic loads on t h e  t i l e  are represented by a 250- lb   t ens ion   load   of fse t   f rom  the  
t i l e  c e n t e r  by a 0.5-in. moment arm. The t ransverse   subs t ruc ture   deformat ion  w a s  
assumed t o   b e  a s i n e  wave with a spec i f ied   per iod   and  a peak-to-peak  amplitude  of 
0 .015  in .   Calculat ions were made f o r   d i f f e r e n t   p e r i o d s  so t h a t   t h e   s u b s t r u c t u r e  w a s  
deformed i n  one,  two, three,  and  four  half-waves. The inplane  substructure  deforma- 
t i o n  w a s  assumed t o  be a 0 . 2 - p e r c e n t   l i n e a r   s t r e t c h i n g   ( y i e l d   s t r a i n )   o f   t h e  sub- 
s t r u c t u r e   a d d e d   t o  a 0.36-percent  uniform  thermal  expansion  obtained  with a tempera- 
t u r e   i n c r e a s e   o f  280°F (from 70°F t o  350°F maximum subs t ruc ture   t empera ture) .  

The ana lys i s   p re sen ted   i n   r e f e rence  3 cons iders   the  t i l e  as an e las t ic  deep beam 
a t t a c h e d   t o  a nonlinear e l a s t i c  material (SIP)  which, i n   t u r n ,  i s  a t t a c h e d   t o   t h e  
subs t ruc tu re .  The  beam ana lys i s   i nc ludes   t he   i n f luence  of t r ansve r se   shea r  deforma- 
t i o n s .   I n p l a n e   s t r a i n s   i n   t h e  t i l e  were c a l c u l a t e d  a t  t he   g l a s s   coa t ing   and  a t  t h e  
t i l e /S IP   i n t e r f ace   fo r   bo th   dens i f i ed   and   undens i f i ed  tiles. The modulus va lues   used  
i n   t h e   a n a l y s i s   f o r   t h e   u n d e n s i f i e d  t i l e  and   the   g lass   coa t ing   on   the  t i l e  were 
obtained  from  reference 4 and are 2.5 x IO4 psi and 4 X 1 O6 p s i ,   r e s p e c t i v e l y .  The 
modulus va lues   u sed   fo r   t he   dens i f i ed  t i l e  l a y e r  were obtained as d i s c u s s e d   i n   t h e  
fol lowing  sect ion.   SIP material p rope r ty   da t a   u sed   i n   t he   ana lys i s  are  based  on a 
third-order  polynomial f i t   t o   t h e   e x p e r i m e n t a l   s t r e s s - s t r a i n   r e s u l t s   p r e s e n t e d   i n  
r e fe rences  5 and  6. The th i rd -o rde r   s t r e s s - s t r a in   cu rves   u sed   i n   t he   ana lys i s  are 
compared  with the   expe r imen ta l   da t a   i n   f i gu re  2. The s t r e s s - s t r a i n   c u r v e s   u s e d   t o  
approximate a s t i f f e r   S I P  are also shown i n   f i g u r e  2 and are d i s c u s s e d   i n  a subse- 
quent   sect ion.  

MEASUREMENT OF MODULUS AND FAILUFUI  STRAIN  OF  DENSIFIED LAYER OF TILE 

The t e s t  program w a s  conducted t o   o b t a i n  material proper ty   da ta   needed   to  com- 
p l e t e   t h e   s t r a i n   a n a l y s i s   o f   t h e  LI-900 t i l e  system.  For  completeness  of  the  prop- 
e r t y   d a t a ,  modulus  measurements were a l s o  made f o r   t h e   d e n s i f i e d  LI-2200 t i l es .  The 
LI-2200 t i l e  da ta  were n o t   u s e d   i n   t h e   a n a l y s i s ;  however, these  data   have  been 
included  in   the  appendix.  They are r e f e r r e d   t o   o n l y  a s  needed t o   c l a r i f y   t h e   d i s c u s -  
s i o n   f o r   t h e  LI-900 t i l e  tests. The test  procedure  used t o   o b t a i n   t h e  LI-2200 t i l e  
da ta  w a s  i d e n t i c a l   t o   t h a t   u s e d   f o r   t h e  LI-900 data .  
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I 

Specimens 

Test specimens  used i n   t h i s   i n v e s t i g a t i o n  w e r e  machined  from t i l e s   t h a t  were 
made f o r   t h e   S h u t t l e   o r b i t e r   b u t   r e j e c t e d  due t o  dimensional  inaccuracies.  A l l  t h e  
t i les were rectangular   paral le lepipeds  approximately 6.0 in.   square by 2.0 i n .  
thick.   Several   specimens were obtained from  each t i l e .  The specimens  were made  by 
f i r s t  rouqh  cu t t ing   the  tiles i n t o   p l a t e s  of d i f f e ren t   t h i cknesses  and  then  sanding 
t h e   p l a t e s   t o   t h e   f i n a l   t h i c k n e s s .   T h r e e   t o   f i v e   c o n t r o l  specimens were c u t  from 
each  plate   with a p r e c i s i b n  diamond c u t t e r .  The remainder  of  each  plate was densi-  
f i e d  on one o r   bo th   s ides   u s ing   t he  same procedure a s   t h a t  used on t h e   t i l e s   a p p l i e d  
t o  t h e   S h u t t l e   o r b i t e r .  The t i les were dens i f i ed  by coa t ing   the   sur face   wi th  a mix- 
t u r e   o f   c o l l o i d a l   s i l i c a   a n d   s i l i c a  slip (a   mix tu re   o f   sma l l   pa r t i c l e s   o f   s i l i ca   and  
water). A f t e r   t h e   p l a t e s  w e r e  d e n s i f i e d ,   t h e   s i d e s  of t h e   p l a t e s  were trimmed,  and 
tes t  specimens  were c u t  from  each p la te   wi th  a diamond c u t t e r .  Each  specimen was 
numbered so t h a t   t h e  t i l e  and   t he   p l a t e  from  which it w a s  cu t   cou ld   be   i den t i f i ed .  

Specimen  dimensions  and  orientation  with  relationship t o  t h e   t i l e  are shown i n  
f i g u r e  3. Specimens  with a nominal  thickness  of  0.25,  0.38,  0.50,  and  0.75  in.  were 
t e s t e d .  A photograph  showing a t y p i c a l  specimen  of  each  thickness i s  shown i n   f i q -  
ure  4 .  A photograph  of  the  densified  and  undensified t i l e  su r faces  i s  shown i n  
f i g u r e  5. The ends  of  the  specimens show d i s c o l o r a t i o n s  due t o   s p i l l a g e  of t h e  
dens i fy ing   so lu t ion  on the  end  of   the  plate .  The width  and  thickness   of   each  tes t  
specimen were measured a t   t h r e e   l o c a t i o n s   a l o n g   t h e   l e n g t h .  The average  values were 
used in   t he   da t a   ana lys i s   and   a r e   g iven   i n   t ab l e s  I and 11. 

The e f f ec t ive   t h i ckness   o f   t he   dens i f i ed   l aye r  was determined from  photomicro- 
graphs  of  specimen  cross  sections.  A typical  photomicrograph i s  shown i n   f i g u r e  6. 
The depth  of   penetrat ion  of   the  densifying  mater ia l  i s  i r r e g u l a r   b u t  i s  approximately 
0.10 i n .   Mic roscop ic   i n spec t ion   a l so   i nd ica t e s   t ha t   t he  amount of s i l i c a  i n  t h e  
dens i f i ed   l aye r   va r i e s   w i th   d i s t ance  from t h e   t i l e   s u r f a c e .  The l a r g e r   p a r t i c l e s  of 
s i l i c a   a r e   t r a p p e d   n e a r   t h e   s u r f a c e  of t h e   t i l e   w i t h   t h e   p a r t i c l e  s i z e  decreasing 
wi th   d i s tance  from t h e   t i l e   s u r f a c e .  The i r r e g u l a r   n a t u r e  of the  inner   edge of t h e  
d e n s i f i e d   l a y e r   a n d   v a r i a t i o n s   i n   s i l i c a   d i s t r i b u t i o n   s u g g e s t   t h a t   t h e   e f f e c t i v e  
p r o p e r t i e s  of t h e   d e n s i f i e d   l a y e r  may have l a r g e   v a r i a t i o n s .  

Test  Procedures 

Tests were conducted  using  the  four-point beam-bending method shown by t h e  
s k e t c h   i n   f i g u r e  7. Deflection  measurements were made a t   t h e  two loading  points   and 
a t  t h e   c e n t e r  of t h e  beam us ing   t h ree   can t i l eve r  beam gages a s  shown i n   f i g u r e  8. 
These  gages  were f a b r i c a t e d  from s t a i n l e s s   s t e e l  shim  stock 0.008 in .   t h i ck ,  0.25 i n .  
wide,  and  3.75  in.  long. They were  clamped i n  a steel f i x t u r e ,  and t h e   d i s t a n c e  from 
t h e  clamp t o   t h e   p o i n t  of c o n t a c t   w i t h   t h e   t e s t  beam  was 1.8 in .  A s t r a i n  gage was 
app l i ed  0 .14  in.  from t h e  clamp on each   s ide   o f   the   can t i lever  beam gage. A n  average 
of t h e  measurements  from t h e  two back-to-back s t r a in   gages  on  each  cantilever beam 
was used t o  determine  the  def lect ion  of   the test  beam. The length   o f   the   can t i lever  
beam and   t he   t h in  shim stock  from which it w a s  f a b r i c a t e d   r e s u l t   i n  a d e f l e c t i o n  gage 
with a very low f o r c e   d e f l e c t i o n   r a t i o ;   t h e r e f o r e ,   t h e   d e f l e c t i o n  gage  has  an  insiq- 
n i f i c a n t   e f f e c t  on the   da t a   r eco rded   fo r   t he  test  specimens. 

Tests were conducted  on  specimens  with a d e n s i f i e d   l a y e r  on  one side  only  and on 
specimens  with  the  densif ied  layer  on both   s ides .  Most specimens  were t e s t e d   s e v e r a l  
t i m e s  t o  approximately 60 p e r c e n t   o f   t h e   f a i l u r e   l o a d   b e f o r e   b e i n g   l o a d e d   t o   f a i l u r e .  
The specimens w e r e  r o t a t e d  180° between tests so t h a t   t h e   d e n s i f i e d   l a y e r   o r   l a y e r s  
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were a l t e rna te ly   t e s t ed   i n   t ens ion   and   compress ion .  All tests were conducted  using a 
500-lb-capacity  load  frame  which  incorporated a 50-lb-capacity  load cell  t o  measure 
the   app l i ed   l oad .  The specimens were loaded a t  the   cons tan t   d i sp lacement  rate of  1.3 
in .  per minute. A photograph  of  the test setup i s  shown i n   f i g u r e  9. The data   f rom 
the   def lec t ion   gages   and   the   load  cel l  were recorded  using a d i g i t a l   d a t a   a c q u i s i t i o n  
system. The ca l ib ra t ion   o f   t he   de f l ec t ion   gages   and   l oad  c e l l  w a s  checked a t  t h e  
beginning  of  each  day  of  testing. 

Data Analysis 

Load-deflection  curves were obta ined   for   each  of t h e  test  specimens  and were 
used in   conjunct ion   wi th  beam t h e o r y   t o   c a l c u l a t e   a n   e f f e c t i v e  modulus  of e l a s t i c i t y  
for  each  of  the  specimens.   For a beam loaded a t  f o u r   p o i n t s  a s  shown i n   f i g u r e  10 ,  
t h e  maximum de f l ec t ion   o f   t he  beam occurs  a t  t h e  beam center   and when r e f e r e n c e d   t o  
the   po in t   o f   l oad   app l i ca t ion  i s  given as follows: 

P sR 2 

'ma, ~ E I  
= -  

where P, s, and R are d e f i n e d   i n   f i g u r e  10,  E i s  t h e  modulus  of e l a s t i c i t y ,  
and I i s  t h e  moment o f   i ne r t i a   abou t   t he   neu t r a l   ax i s .   Fo r   an   undens i f i ed  beam, 
t h e   n e u t r a l   a x i s  i s  assumed t o  l i e  a t  t he   cen t ro id   o f   t he   c ros s   s ec t ion :   t he re fo re ,  
a l l  t h e  terms i n   e q u a t i o n  ( 1 )  are known or  can  be  measured  except  the t i l e  modulus. 
Therefore,   equation ( 1 )  can  be  used  direct ly   with  the  measured  load-deflect ion 
r e s u l t s   t o   d e t e r m i n e   t h e   u n d e n s i f i e d  beam modulus.  For t h e   d e n s i f i e d  beam, t h e  neu- 
t ra l  a x i s  i s  d isp laced   f rom  the   cen t ro id   o f   the   c ross   sec t ion  a s  shown i n   f i g -  
u re  1 0 .  For t h i s  case, E 1  i s  given by the  fol lowing  expression:  

b h3 2 bEat3 
b 12 + Ebbh(F - p) + 7 E I = E  - 

where h,  t, b,  and $ are  as d e f i n e d   i n   f i g u r e  1 0 ,  Ea  i s  t h e  modulus  of t h e  
d e n s i f i e d   l a y e r ,  Eb i s  t h e  modulus  of  the  undensified  layer,   and 

Ebh + 2E t ( h  + t / 2 )  a 
2(Ebh + E t) 

2 - 
Y =  

a 

Using  the  measured  modulus  value  for  the  undensified  layer,  a l l  t h e   q u a n t i t i e s   i n  
equat ions (11, (21, and  (3)  are known or   can be measured or es t imated   except   the  
modulus  of t h e   d e n s i f i e d   l a y e r ,  which can be c a l c u l a t e d  from  equation  (3).  The 
calculated  moduli  were used  with  the e las t ic  s t r e s s - s t r a i n   r e l a t i o n s h i p s   t o   c a l c u l a t e  
t h e   f a i l u r e   s t r a i n s   f o r   b o t h   t h e   d e n s i f i e d   a n d   u n d e n s i f i e d  materials. 

4 



RESULTS AND  DISCUSSION 

Measured  Modulus  and  Failure  Strains  of  Densified  Tile  Material 

Evaluation  of  modulus.-  Results  for  a  typical  densified  tile  specimen  with  the 
densified  layer  loaded  in  tension  are  shown  in  figure 11. Measured  load-deflection 
results  are  shown  for  displacements  at  the  center  of  the  beam  and  in  the  regions  of 
load  application.  The  curves  are  irregular  because  they  were  plotted  from  digitized 
data  with  straight  lines  connecting  the  data  points. 

The  slope  of  the  load-deflection  curve  for  the  center  of  the  beam  is  required to 
calculate  the  effective  modulus  of  the  densified  layer.  The  load-deflection  curve 
for  the  center  of  the  beam  is  obtained  by  subtracting  the  average  of  the  deflections 
at the  load  application  points  from  the  deflection  at  the  center  of  the  beam.  Typi- 
cal  load-deflection  curves at  the  center  of  several  0.38-in-thick  densified  and 
undensified  specimens  are  shown  in  figure 12. The  differences  in  slope  between  den- 
sified  and  undensified  specimen  results  are  evident  in  figure 12. The  agreement 
between  results  for  specimens  of  the  same  type  indicates  the  consistency  of  the 
data.  The  slopes  used  in  the  calculations  were  obtained  from  a  linear  least-squares 
fit of  the  test  data. 

The  thickness  of  the  densified  layer  is  also  needed  to  calculate  the  effective 
modulus  of  the  densified  material,  and  estimates  were  made  from  photomicrographs  of 
the  tile  cross  section.  The  test  data  were  analyzed to examine  the  effect  of  assumed 
thickness  of  the  densified  layer  on  the  modulus  of  the  densified  material.  Typical 
results  are  presented  in  figure 13, where  the  effective  modulus  of  the  densified 
material  is  shown  as  a  function  of  the  assumed  thickness  of  the  densified  layer.  The 
curves  shown  were  obtained  from  the  measured  load-deflection  data  for  specimens  with 
the  indicated  thicknesses.  The  modulus  results  are  least  sensitive  to  the  assumed 
thickness  of  the  densified  material  at  a  value  of  about 0.10 in.  This  is  the  same 
value  obtained  from  examination  of  the  photomicrographs  of  the  cross  section  and, 
therefore,  it  was  used  to  reduce  the  test  data.  The  difference  in  modulus  ratio  with 
specimen  thickness  shown  in  figure 13 is  within  the  scatter  of  data  obtained  for  a 
single  specimen  (see  table 11) and  should  not  be  interpreted  as  a  specimen  thickness 
effect. 

Summaries  of  test  results  are  given  in  table I for  the  undensified  tiles  and  in 
table I1 for  the  densified  tiles.  Specimen  dimensions  and  identification  number  are 
given  along  with  the  calculated  modulus  or  modulus  ratio  and  failure  strain.  The 
average  and  standard  deviation  of  the  modulus  are  also  given  for  each  plate.  The 
failure  strains  are  discussed  in  the  next  section. 

Multiple  tests  were  run  on  some  specimens  to  assess  the  repeatability  of the 
results.  For  example,  eight  tests  were  run  on  undensified  specimen  number 1101 
(table I). The  resulting  modulus  values  for  the  specimen  were  within f6 percent  of 
the  average.  Eight  tests  were  also  run  on  the  densified  specimen  number 1107 
(table 11). The  resulting  modulus  ratios  were  within 124 percent  of  the  average. 
The  repeatability of the  test  results  shown  is  typical  for  both  the  densified  and 
undensified  tile  specimens.  The  repeatability  of  results  shown  in  the  appendix  for 
the LI-2200 tiles  generally  indicates  less  scatter  than  that  obtained  for  the LI-900 
tiles.  Since  the  test  technique  was  identical,  the  more  consistent  results  for  the 
LI-2200 tile  tests  and  the  undensified LI-900 tile  tests  suggest  that  the  large  vari- 
ations  obtained  for  the LI-900 densified  tiles  are  largely  due  to  the  wide  variations 
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i n   t h e   d e n s i f i e d   l a y e r   t h i c k n e s s   a n d   t h e   s p e c i m e n   b e i n g   l o c a t e d   i n  a s l i g h t l y   d i f f e r -  
e n t   p o s i t i o n   f o r   e a c h  test .  

A summary o f   t he   modu lus   and   f a i lu re   s t r a in   r e su l t s  for both   dens i f ied   and  
undensif ied t i l es  i s  shown i n  table 111. The undensif ied t i l e s  have  an  average modu- 
l u s   o f   e l a s t i c i t y   t h a t   v a r i e s  between 20 500  psi and 27 200 p s i ,  which i s  a v a r i a t i o n  
of  f14  percent  from  the  average for t h e   t h r e e  t i les tes ted .   For  t i l e  number 1, t h e  
average   modulus   va lue   for   each   of   the   th ree   p la te   th icknesses   t es ted  w a s  w i th in  
f7 p e r c e n t   o f   t h e   a v e r a g e   f o r   t h a t  t i l e .  However, a l l  t h e  t i l e  d a t a   f a l l   w i t h i n   t h e  
r e s u l t s   p r e s e n t e d   i n   r e f e r e n c e  4 f o r   t h e  same material. 

Modulus d a t a   f o r   t h e  LI-900 d e n s i f i e d  t i les are shown (table 111) normalized  by 
t h e  modulus  of  the  undensified material obtained  from tests on t h e  same plate. Large 
v a r i a t i o n s   i n  modulus ra t io  f o r   t h e   d e n s i f i e d  material  are ind ica t ed .  The d e n s i f i e d  
l a y e r   i n  t i l e  1 has  an  average  modulus  approximately 10 times the   undens i f ied  mate- 
r i a l  modulus,  whereas f o r  t i les  2 and 3,  the   average  modulus  of   the   densif ied  layer  
i s  s l i g h t l y  less than 6 times t h e  modulus f o r   t h e   u n d e n s i f i e d  material. Re la t ive ly  
l a r g e   v a r i a t i o n s   i n  modulus  values were a l so   ob ta ined   be tween  spec imens   for   dens i f ied  
l a y e r s  from t h e  same t i l e  (see t a b l e  11). For  example, t h e   d e n s i f i e d   l a y e r  on t i l e  
number 1 has   an   i nd ica t ed  minimum modulus  of  5.6  and maximum modulus  of  16.5 times 
t h e  modulus  of the   undens i f ied  t i l e  material. The wide v a r i a t i o n s   i n d i c a t e   t h a t   t h e  
d e n s i f i c a t i o n   p r o c e s s   r e s u l t s   i n  a densif ied  layer   with  widely  varying  modulus  prop-  
erties. The modulus va lues  do no t  show any s i g n i f i c a n t   d i f f e r e n c e s  due t o   t h e   d e n s i -  
f ied   l ayer   be ing   loaded   in   t ens ion   or   compress ion .  

Evalua t ion   of   fa i lure   s t ra in . -   Fa i lure   s t ra ins   for   the   undens i f ied   spec imens  are 
g i v e n   i n   t a b l e  I and   fo r   t he   dens i f i ed   spec imens   i n  table 11. Two s t r a i n - a t - f a i l u r e  
v a l u e s  are  given  for   the  specimens  densif ied  on  one  s ide,   whereas   only  one  value i s  
given  for   the  undensif ied  specimens  and  the  specimens  densif ied on  two s ides .   For  
the   spec imens   dens i f i ed   on   one   s ide ,   t he   l a rge r   s t r a in  i s  i n   t h e   u n d e n s i f i e d  mate- 
r i a l ,  and  the smaller s t r a i n  i s  i n   t h e   d e n s i f i e d   l a y e r .  Due t o   t h e   b r i t t l e   n a t u r e   o f  
t h e   f a i l u r e ,  it i s  n o t   p o s s i b l e   t o  t e l l  which s t r a i n   r e s u l t e d   i n   f a i l u r e .  However, a 
comparison  of   the  fa i lure   s t ra ins   obtained  f rom  the  undensif ied  specimens  and  the 
specimens  densified on  two s i d e s   i n d i c a t e s   t h a t   f o r   t h e   s p e c i m e n s   d e n s i f i e d   o n   o n l y  
o n e   s i d e ,   t h e   f a i l u r e  w a s  p r o b a b l y   i n i t i a t e d   i n   t h e   u n d e n s i f i e d   p o r t i o n   o f   t h e  t i l e .  
Average f a i lu re   s t r a ins   fo r   t he   dens i f i ed   and   undens i f i ed   spec imens  are summarized i n  
t a b l e  111. F a i l u r e   s t r a i n s   f o r   t h e   d e n s i f i e d   l a y e r  are approximately  one-half   the 
f a i l u r e   s t r a i n s   f o r   t h e   u n d e n s i f i e d  t i l e  material. 

Analysis  of T i l e  S t r a in   Leve l s  

The test  r e s u l t s   f o r   t h e  LI-900 t i l e  material were used  with  the method 
descr ibed  previously t o  a n a l y z e   t h e   s t r a i n   i n  t i l es  mounted  on  0.160-in-thick  SIP as  
i n s t a l l e d  on t h e   S h u t t l e   o r b i t e r .   S t r a i n   l e v e l s   w i t h i n   t h e  t i l e  are p resen ted   fo r  
t i l es  wi th   loads   and   subs t ruc ture   deformat ions   typ ica l   o f   those   in   the   h ighly   loaded  
areas o f   t h e   S h u t t l e   o r b i t e r .  The t i l e / S I P  model  analyzed i s  shown i n   f i g u r e  1. 

Undens i f ied   t i l e /SIP   sys tem.-   Typica l   inp lane   s t ra in   d i s t r ibu t ions   in   the  unden- 
s i f i e d  t i l e  a t  t h e   t i l e / S I P   i n t e r f a c e   a n d   i n   t h e   g l a s s   c o a t i n g  on t h e  t i l e  su r face  
are shown in   f i gu re   14 (a )   and   f i gu re   14 (b ) ,   r e spec t ive ly .   Inp lane   s t r a in  i s  shown as  
a func t ion   of   d i s tance   a long   the  t i l e  length.  The substructure  deformations  consid- 
e r e d  are one,  two,  three, or four  half-waves  along  the t i l e  length.  The l a r g e s t  
s t r a i n   i n   b o t h  areas is  o b t a i n e d   f o r   t h e   s u b s t r u c t u r e  deformed i n   t h r e e  half-waves. 
S ince   t he   ob jec t ive   o f   t he   ana lys i s  i s  t o  de t e rmine   t he   l a rges t   s t r a in   w i th in   t he  
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t i l e ,  a l l  subsequent   evaluat ions w i l l  be made f o r   t h e   s u b s t r u c t u r e  deformed i n   t h r e e  
half-waves. The maximum s t r a i n  i s  approximately 1 x i n   t h e   g l a s s   c o a t i n g   a n d  
2 x i n   t h e  t i l e  a t  t h e   t i l e / S I P   i n t e r f a c e .  This d i f f e r e n c e   i n   s t r a i n   l e v e l s  is  
due t o  t h e   n e u t r a l   a x i s   b e i n g   d i s p l a c e d  from t h e   c e n t r o i d  of t h e  t i l e  cross -sec t iona l  
a rea .  

The i n d i v i d u a l   c o n t r i b u t i o n s  of   load  and  substructure   deformation  to   the  s t ra in  
l e v e l s   i n   t h e  t i l e  are shown i n   f i g u r e  15. The loads  and  deformations  applied  sepa- 
ra te ly   induce  low s t r a i n   l e v e l s  of   opposi te   s igns.  The n o n l i n e a r   c h a r a c t e r i s t i c  of 
the   t i l e /SIP   sys tem i s  ind ica t ed  by t h e   s t r a i n   l e v e l s  due t o  t h e   i n d i v i d u a l  compo- 
nents   not   adding  numerical ly .  

Densified  t&le/SIP  system.- The e f f e c t  of d e n s i f i c a t i o n  on t h e   s t r a i n   l e v e l s   i n  
t h e  t i l e  with a typical   load  and  substructure   deformation  appl ied i s  shown i n   f i g -  
u r e  16. I n p l a n e   s t r a i n s   i n   t h e  t i l e  a t  t h e   t i l e / S I P   i n t e r f a c e   ( f i g .   1 6 ( a ) )   a n d   i n  
t h e   g l a s s   c o a t i n g   ( f i g .   1 6 ( b ) )  are shown as  a func t ion   of   d i s tance   a long   the  t i l e  
length.  The modulus of   the   dens i f ied   reg ion  w a s  assumed t o  be 6 times t h a t  of t h e  
undensif ied  region,   and  the  thickness   of   the   densif ied  region w a s  assumed t o   b e  
0.10  in .   Densifying  the t i l e  s u b s t a n t i a l l y   r e d u c e s   t h e   s t r a i n   l e v e l  a t  t h e   t i l e / S I P  
i n t e r f a c e   b u t   o n l y   s l i g h t l y   r e d u c e s   t h e   s t r a i n   l e v e l   i n   t h e   g l a s s   c o a t i n g  of t h e  
t i l e .  The d i f f e r e n t   r e d u c t i o n s   i n   t h e  s t r a i n  l e v e l s  are due t o   t h e   l o c a t i o n  of t h e  
n e u t r a l   a x i s   i n   t h e   t i l e .  

Imp l i ca t ions   fo r  T i  le/S I P  System 

F a i l u r e   s t r a i n s   f o r   t h e  RSI t i l es  were  measured  and discussed  previously.  The 
maximum s t ra ins   expec ted   in   bo th   dens i f ied   and   undens i f ied  LI-900 RSI t i les on 
0.160-in- thick  SIP  with  typical   Shut t le   loads  and  substructure   deformations were a l s o  
calculated  and  discussed.  The i m p l i c a t i o n s   t h e s e   r e s u l t s  may have on the   des ign  of 
fu ture   thermal   p ro tec t ion   sys tems are d i s c u s s e d   i n   t h i s   s e c t i o n .  

Measured t e n s i l e  o r  compression  fa i lure  s t ra ins  fo r   t he   undens i f i ed  tiles and 
dens i f i ed  t i l es  w e r e  approximately 0.0046 and 0 . 0 0 2 3 ,  r e spec t ive ly .  Data r e p o r t e d   i n  
r e fe rence  4 f o r   t h e   g l a s s   c o a t i n g  on t h e  t i l e  i n d i c a t e   f a i l u r e   s t r a i n s  of 0.001.  The 
c a l c u l a t e d  maximum s t r a i n s   f o r   t i l e s   w i t h   s i m u l a t e d   o p e r a t i o n a l   l o a d s  w e r e  approxi- 
mately 2 orders  of  magnitude smaller than any  of t h e   f a i l u r e   s t r a i n s   i n d i c a t e d  above. 
Thus, the   SIP   provides  more inp lane   s t r a in   i so l a t ion   t han   r equ i r ed   fo r   t he   ae rody-  
namic loads  and  substructure   deformations  expected.   Increasing  the  s t i f fness  of t h e  
S IP   cou ld   improve   t he   s t a t i c   and   f a t igue   cha rac t e r i s t i c s  of the  t i le /SIP  system  but  
c o u l d   a l s o   i n c r e a s e   t h e   s t r a i n   l e v e l s   i n   t h e  t i le.  Thus, it is  of i n t e r e s t   t o   d e t e r -  
mine how changes i n   S I P   p r o p e r t i e s   a f f e c t   t h e  maximum s t r a i n   l e v e l s   i n   t h e  t i l e .  

The e f f e c t s  of   SIP   proper t ies  on t h e  maximum s t r a i n   l e v e l s   i n   t h e  t i l e  a t   t h e  
S I P / t i l e   i n t e r f a c e   a n d   i n   t h e   g l a s s   c o a t i n g   o f   t h e   d e n s i f i e d  t i l e  a r e  shown i n   f i g -  
u r e  17. Maximum s t r a i n   l e v e l s   a r e  shown f o r   v a r i a t i o n s   i n   t h e   S I P   t e n s i l e  and  shear 
modulus r a t i o s  from 1 t o  10 times those  of  the  current  0.160-in-thick  SIP material. 
S ince   t he   cu r ren t   S IP   has   non l inea r   t ens i l e   and   shea r   p rope r t i e s ,   t he   t angen t  modulus 
v a r i e s   w i t h   t h e  stress o r   s t r a i n   l e v e l .  For t h e   v a r i a t i o n s  i n  modulus r a t i o s  pre- 
s e n t e d   i n   f i g u r e  17, t h e   S I P   s t r e s s - s t r a i n   r e l a t i o n s   u s e d   i n   t h e   c a l c u l a t i o n s  were 
obtained  f rom  the  current   0 .160-in- thick  SIP  propert ies  by i n c r e a s i n g   t h e   c o e f f i c i e n t  
of t he   t h i rd -o rde r  t e r m  (C, i n   f i g .  2(a) o r  C3 i n   f i g .   2 ( b ) )   i n   t h e   e q u a t i o n   u s e d  
t o  approximate   the   SIP   proper t ies  so t h a t   t h e   d e s i r e d   s e c a n t  modulus ra t io  w a s  
o b t a i n e d   a t  a stress leve l   o f  10 psi.  The s t r e s s - s t r a i n   r e l a t i o n s   u s e d   i n   t h e   a n a l y -  
sis f o r   t h e   s t i f f e r   S I P  are shown i n   f i g u r e  2 f o r  modulus ratios of 2, 5,  and  10. 
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The  effects  of  increasing  separately  the  tensile  or  shear  modulus  of  the SIP are 
shown  respectively  by  the  solid  and  long-dashed  lines  in  figure 17. Increasing  the 
tensile  modulus  results  in a moderate  increase  in  the  strain  level  in  the  tile  at 
both  locations  indicated.  For  the  range  of  variations  in  shear  modulus  values  shown, 
changing  the  shear  modulus  has  almost  no  effect  on  the  strain  levels. 

Since  the  shear  and  tensile  properties  for  most  practical  materials  are  related, 
the effects  of  simultaneously  increasing  the  shear  and  tensile  modulus  ratios  by 
equal  amounts  are  also  shown  in  figure 17 by  the  short-dashed  lines.  For  the  stan- 
dard  0.160-in-thick SIP, the  maximum  strain  at  the  tile/SIP  interface is 2 x 10-5, 
and in  the glass  coating,  it  is 1 x Increasing  both  the  shear  and  tensile 
stiffness  of  the SIP by a factor  of  10  results in a maximum  strain  in  the  tile at the 
SIP/tile  interface  of  16.5 x 1 0'5 and  in  the  glass  coating  of  the  tile  of  8.5 x 10-5. 
For  the  range  of  stiffnesses  considered,  simultaneously  increasing  both  the  tensile 
and  shear  moduli  of  the SIP results  in  only  slight  additional  strain  in  the  tile  over 
that  obtained  with  only an increase  in  tensile  modulus. 

The  strain  data  presented  in  the  previous  figures  were  obtained  for  2.0-in-thick 
tiles.  Larger  strain  levels  could  be  obtained  for  thinner  tiles  subjected  to  the 
same  loads  and  substructure  deformations.  Thus,  figure 18 shows  the  maximum  strain 
in the  tile  as a function  of  thickness  for  tiles  subjected to the  loads  and  substruc- 
ture  deformations  discussed  previously.  Curves  are  presented  for  the  tiles  on  both 
the  standard  0.160-in-thick  SIP  and  on  0.160-in-thick SIP that  has  shear  and  tensile 
moduli  10  times  those  of  the  standard  SIP.  The  failure  strains  for  the  tile  glass 
coating  and  the  densified  tile  material  are  also  indicated on the  figure. 

From  the  results  presented,  it  can  be  seen  that  tiles  bonded  to  the  stiffened 
SIP have  significantly  higher  strains  than  tiles  bonded to the  standard  SIP  and  that 
the  difference  in  strain  increases  as  the  tile  thickness  is  reduced.  However,  even 
for a tile  with a thickness  of 0.50  in.,  the  maximum  strains  are  less  than  50  percent 
of  the  average  material  failure  strains. In view of these  results  and  the  conserva- 
tive  nature  of  the  assumed  loading  conditions,  an  improved SIP with  tensile  and  shear 
stiffnesses  up  to 1 order of magnitude  larger  than  the  present SIP material  should  be 
acceptable  without  causing  inplane  failure  strains in tiles  with a thickness  greater 
than  0.50  in.  For  specific  areas  of  the  Shuttle  where  the  loads  and  substructure 
deformations  are  known  to  be  low  or  where  the  tile  thicknesses  are  greater  than 
1.0  in., even  larger  increases  in  the SIP stiffness  may  be  acceptable  without  causing 
inplane  failure  strains  in  the  tile. 

CONCLUDING REMARKS 

An investigation  has  been  conducted  on  the  thermal  protection  system  used  on the 
Space  Shuttle  orbiter to determine  the  strains  in  the  reusable  surface  insulation 
(RSI)  tiles  under  simulated  maximum  flight  loads. Also, the  effects  of  changes  in 
the  strain  isolator  pad  (SIP)  moduli  on  the  strains  in  the  tile  were  evaluated. To 
analyze  the  SIP/tile  system,  it  was  necessary  to  determine  the  material  properties  of 
the  densified  layer  of  the  tiles.  Thus,  tests  were  conducted to determine  the  ten- 
sion  and  compression  material  properties  for  the  densified  layer  of  the  LI-900  and 
LI-2200  tiles. 

The  test  results  show  that  densifying  the  LI-900  tile  material  increases  the 
modulus  by a factor  of 6 to  10  over  that  of  the  undensified  tile  material.  The  den- 
sified  region  extends  into  the  material  approximately  0.10  in.  and  has  an  irregular 
boundary.  This  irregular  boundary  and  variations  in  the  distribution  of  silica 
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th roughout   the   dens i f ied  material r e s u l t   i n   t h e   l a r g e   v a r i a t i o n   i n   t h e  measured modu- 
lus   va lues .   Dens i fy ing   the  LI-900 t i l e  material r e d u c e s   t h e   f a i l u r e   s t r a i n  by 
approximately 50 percent .  For t h e  LI-2200 t i l e  m a t e r i a l ,   d e n s i f i c a t i o n   h a s  a much 
more uni form  e f fec t  on t h e  material properties. 

Analysis   of   the  LI-900 RSI tile/O. 160-in-thick SIP system shows t h a t   t h e   i n p l a n e  
s t r a i n s   i n   t h e  tiles, even f o r   t h e  more highly  loaded tiles, are approximately 
2 orders   of   magni tude  lower  than  the  inplane  fa i lure   s t ra in   of   the  t i l e  mater ia l .  
Calcu la t ions  show t h a t  most of   the  LI-900 t i les on the   Shut t le   could   be  mounted  on a 
S I P   w i t h   t e n s i l e   a n d   s h e a r   s t i f f n e s s e s  10 times those  of   the  present   SIP  without  
i n p l a n e   s t r a i n   f a i l u r e   i n   t h e  t i l e .  A s t i f f e r  SIP  may have b e t t e r   s t a t i c  and f a t i g u e  
s t r e n g t h ,  which  might  improve t h e  l i f e  expectancy  of  the  SIP/ti le  system. 

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
June 27,  1983 
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APPENDIX 

EXPERIMENTAL TESTS AND RESULTS  FOR LI-2200  TILES 

The experimental test  and   ana lys i s   p rocedure   used   for   the  LI-2200 t i l es  i s  iden- 
t i ca l  t o  t h a t   u s e d   f o r   t h e  LI-900 tiles and i s  d e s c r i b e d   i n   t h e  body o f   t h e  report. 
The th icknesses   o f   the   dens i f ied   l ayer   o f   the   spec imens  were determined  from  photomi- 
crographs (see f i g .  19) o f   t he   c ros s   s ec t ions  of the  specimens  and were found t o  be 
approximately 0.06 in .  The e f f e c t i v e  modulus  of t h e   d e n s i f i e d   l a y e r  i s  shown i n   f i g -  
u re  20 t o  be r e l a t i v e l y   i n s e n s i t i v e   t o   t h e   t h i c k n e s s ,   e s p e c i a l l y   n e a r   t h e   m e a s u r e d  
value  of 0 . 0 6  in .  

The  dimensions  of  the LI-2200 specimens,   the  calculated  modulus or modulus 
r a t i o ,   a n d   t h e   f a i l u r e   s t r a i n  are given i n  tables I V  and V fo r   t he   undens i f i ed   and  
densif ied  specimens,   respect ively.  The average  and  s tandard  deviat ion  of   the  modulus 
va lues  are g iven   for   each   p la te .  Note t h a t  t w o  v a l u e s   o f   f a i l u r e   s t r a i n  are given 
f o r   t h e   d e n s i f i e d  specimens.  These are t h e   s t r a i n s   i n   t h e   d e n s i f i e d   a n d   u n d e n s i f i e d  
po r t ions   o f   t he  specimen. The s t r a i n   t h a t   i n i t i a t e s  specimen f a i lu re   canno t   be  
determined  from  the test  r e su l t s .   S ince  LI-2200 specimens  densif ied  on  both  s ides  
were n o t   t e s t e d ,   t h e   f a i l u r e   s t r a i n   o f   t h e   d e n s i f i e d  material cannot  be  determined 
b u t  i s  a t   l ea s t  a s  l a r g e  a s  t h e   s t r a i n   i n d i c a t e d   i n   t a b l e  V. 

Repeat tests of   the  same specimen  (on  both  densified  and  undensified material) 
show good r ep roduc ib i l i t y   o f  modulus values,  much bet ter  t h a n   t h a t   o b t a i n e d   f o r   t h e  
d e n s i f i e d  LI-900 t i l e  specimens.  Since  the test  technique w a s  i d e n t i c a l   f o r   t h e  t w o  
t i l e  materials, t h e  more r e p e a t a b l e   r e s u l t s   f o r   t h e  LI-2200 tests show tha t   t he   p rop -  
ert ies are more c o n s i s t e n t   f o r   t h e   d e n s i f i e d   l a y e r   i n   t h e  LI-2200 t i l e s  t h a n   i n   t h e  
LI-900 t i l es .  Tests of   the  same specimen  with t h e   d e n s i f i e d   l a y e r   a l t e r n a t e l y   t e s t e d  
in   tension  and  compression show no s i g n i f i c a n t   d i f f e r e n c e   i n   t h e   t e n s i o n   a n d  compres- 
sion  moduli €or t h e  specimens. 

A summary of   the   resu l t s   €or   each  t i l e  and plate  i s  g i v e n   i n  table V I .  The 
average   modulus   o f   e las t ic i ty   for   the   undens i f ied  LI-2200 t i l e  material v a r i e s  
between 67 9 0 0  p s i  and 77 8 0 0  psi, which i s  a f9 p e r c e n t   v a r i a t i o n  from the  average 
f o r   t h e  two t i l e s  t e s t e d .  These d a t a   f a l l   w i t h i n   t h e   r a n g e   o f   r e s u l t s   p r e s e n t e d   i n  
r e fe rence  4 f o r   t h e  same material. The average  modulus  of   the   densif ied  layer  i s  
approximately 3 t o  4 times t h e  modulus  of the   undens i f ied  material. F a i l u r e   s t r a i n s  
are approximately  0.0038  for  the  undensified material b u t  were not   de te rmined   for   the  
d e n s i f i e d   l a y e r ,  as noted  previously.  
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TABLE 1.- SPECIMEN DIMENSIONS AND TEST RESULTS FOR UNDENSIFIED 
LI-900 TILES 

" .. -. 

Calculated 
modulus, 
E, psi 

21 400 
23 000 
21 700 
22  500 
23  500 
21 300 
23 800 
22  400 

21 900 
22 100 
22  400 
22  700 

22 000 
22  400 
22 300 
22 800 

Average .................................. 22  400 
Standard deviation ....................... 700 

45 

47 
46 

120 1 

48 

49 

52 
51 
50 

1202 

53 

56 
55 
54 

1203 

~~ " .  

0.4947 

0.4932 

. . . .  

0 s4934 

0 3692 

- i  
23 600 
24 000 
24  500 
23 600 

0 3677 
. .  

22 300 
21 500 
22  300 
21 600 

. ~" ~ 

Average .................................. 23 600 
Standard deviation ....................... 1 400 

. ~ ... . . .  

Failure 
strain 

0.0045 
.. ~ 

0.0046 

0.0050 
__ ~" 

1 

0.3741 25 700 
25 200 
24 800 
24 000 0.0046 

...... 

0 * 0049 
.. 

aDescription of specimen identification number: - two-digit specimen number 1101 

plate number 

tile number 
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TABLE I.- Concluded 

T e s t  
no. 

8 4  
8 5  
8 6  
8 7  

8 8  
8 9  
9 0  
91 

9 2  
9 3  
9 4  
9 5  

Specimen 
i d e n t i f  i- 

cat ion  no .  a 

130  1 

1302 

1303 

Width, i n .  

0.4944 

0.4941 

0.4921 

Thickness ,   in .  

0.4970 

0.4938 

0.4951 

Average .................................. 
Standard  deviation ....................... 

121 
522 

2101  

123  
124 

2102 

1 2 7  
128 I 
129  I 2103 
130 
131 
132 1 

0.4949 

0.4954 

0.4978 

0.7443 

0.7453 

0.7463 

Average .................................. 
Standard  deviation ....................... 

1 5 1  I 3101  

152 1 3102 

153 1 3103 

155 I 3104 

157 I 3105 

154 

156 

158 

0.5012 

0.4994 

0.4999 

0.5000 

0.5009 

0.5009 

0.5011 

0.5003 

0.5013 

0 .5014 

Average .................................. 
Standard  deviation ....................... 

See   footnote  on page 12. 

! 
E ,  p s i  

24   700  
25  400 
26  200 
26  200 0.0040 

26   300  
23  700 
25  400 
24 000  0.0046 

25  400 
27  300 
27  000 
25  700  0 .0042 

25  600 
1  100 

25  900 
25  600 
25  800 
29  400 

26  200 
26  600 
25  100 
28  900 

25  900 
28  600 
28  000 
30  100 

27  200 
1  700 

2 1  000 I 
2 1  400 
2 1  100 

20 900 
20 100 

19 400 
19 800 

20  500 
700 

1 
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TABLE 11.- SPECIMEN  DIMENSIONS AND TEST  RESULTS  FOR DENSIFIED LI-900 TILES 

14 

, T e s t  
no. 

17 
18 
19 
20 

21  
22 
23 
24 

25  
26 
27 
28 

29 
30 
31 
32 
33 
34 
35 

42 
43 

Specimen 
i d e n t i f  i- 

cat ion  no.a  

1104 

1105 

1106 

1107 

1108 

1109 

Width,  in. 

0.5017 

0.5020 

0.5015 

0.5011 

0.5017 

0.5019 

Thickness,  in. 

0.2360 

~- 

0.2342 

0.2364 

0.2430 

0.2368 

0.2379 

Location  of 
d e n s i f i e d  

l a y e r  

Bottom 
TOP 

Bottom 
Top 

TOP 
Bottom 

TOP 
Bottom 

TOP 
Bottom 
TOP 

Bottom 

Bottom 
Bottom 
Bottom 
Bottom 
TOP 

TOP 
Bottom 

Bottom 

Bottom 
TOP 

TOP 

TOP 

TOP 

Bottom 

Bottom 

Bottom 

Average ................................................. 
Standard  deviat ion ...................................... 

aDescript ion of specimen i d e n t i f i c a t i o n  number: 
1101 

two-digit specimen number 

plate number 

t i l e  number 

Modulus 
r a t i o ,  

Ea'Eb 

7.5 
7.2 
7.0 
8.8 

11.4 
10.7 
10.2 
10.0 

9.7 
7.1 
9.0 
7.3 

7.3 
6.4 
6.5 
6.6 
8.8 
6.6 
8.4 
6.1 

. . .  

8.1 
9.1 
6.8 
7.6 

7.8 
6.2 
8.1 
5.6 

7.9 
1.5 

F a i l u r e  
s t r a i n  

0.0045 
.0017 

0.0042 
-0016 

0.0044 
-0018 

0.0047 
.0020 

0.0041 
-0017 

- 

I. 0036 
-0016 



TABLE 11.- Continued 

_____ 

Test  
no. 

____ 

57 
58 
59 
60 

_____ 

6 1  
62 
63 

64 
65  
66 
67 

68 
69  
70 
7 1  

72 
73 
74 
75 

76 
77 
78 
79 

80 
8 1  
82 
83 

Specimen 
i d e n t i f i -  

c a t i o n  no.a 

1204 

1205 

1206 

1207 

1208 

1209 

1210 

Width,  in. 

0.5020 

0.5019 

0.5022 

0.5108 

0.5015 

0.5018 

0.5020 

Thickness,   in.  

0.3714 

0.3637 

0.3619 

0.3708 

.~ 
0.3640 

0.3652 

0.3623 

Bottom 

Bottom 

Bottom 

Bottom 

Bottom 
10.9 

TOP 

TOP 

13.2 

10.5 
Bottom 

Bottom 

10.5 

8.2 

TOP 

TOP 

13.2 

13.4 
Bottom 10.9 

Bottom 8.8 

Bottom 

Bottom 

Bottom 

Bottom 9.5 
12.5 

Average ................................................. 10.0 
Standard   devia t ion  ...................................... 2.2 

F a i l u r e  
s t r a i n  

0.0052 
.0018 

0.0039 
.0016 

0.0050 
.0017 

0.0049 
.0017 

0.0046 
.0012 

0.0044 
.0013 

See footnote  on  page 14. 
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TABLE 11.- Continued 

I 

98 

1306 

104 
I 

1308 

112 

113 
114 

1309 

116 
115 

117 
118 

1310 

120 
119 

Width, in. 

0.5013 

0.5015 

0.5018 

~~ 

0.5022 

0.5621 

0.5020 

~~ 

0.5022 

Thickness,  in. 

~~ 

0.4885 

~ 

0.4921 

0.4900 

0.4884 

0.4906 

~~ 

0.4890 

0.4899 

Location of 
densified 

layer 

Bottom 
TOP 

Bottom 

Bottom 
TOP 

TOP 

TOP 
Bottom 

Bottom 

Bottom 
TOP 

Bottom 
TOP 

TOP 

TOP 

- 

Bottom 

Bottom 

Bottom 
TOP 

Bottom 
TOP 

TOP 
Bottom 

TOP 
Bottom 

Average ................................................. 
Standard deviation ...................................... 

See footnote on page 14. 

Modulus 
ratio,  

Ea'Eb 

9.4 
10.4 
9.4 
" 

5.7 
7.5 

11.1 
5.7 
9.8 
5.7 

10.8 
8.2 
7.9 
8.0 

12.5 
10.8 
8.3 
7.9 

10.9 
12.0 
9.6 

12.9 

-. . 

.~ 

16.5 
14.2 
9.3 

10.5 
- 

9.8 
2.6 

Failure 
strain 

0.0032 
.0011 

0 -0035 
-0013 

0.0043 
.0019 

0.0035 
-0013 

0.0037 
-0014 
~. 

0.0035 
.0010 

- 

3.0037 
.0012 

- ~~ 
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TABLE 11.- Concluded 

T< 
nm 

1 
1 
1 
1 
1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

" 

- 

es t  
0. 

33 
34 
35 
36 
37 
38 

39 
40 

41 
42 

43 
I44 

I45 
146 

I47 
I48 

I49 
150 

" 

Specimen 
identif i- 
mation no.a 

2104 

2105 

2 106 

2 107 

2108 

2109 

2110 

Aidth, in. 

0.4736 

0.4995 

. . ~ ~  

0.5014 

0.5012 

0.5011 

0.50 16 

0.5014 

Thickness, in. 

0.7498 

0.7401 

0.7442 

0.7411 

0.7391 

0.7392 

0.7395 

ocation of 
densified 

layer 

TOP 
Bottom 

TOP 
Bottom 

TOP 
Bottom 

Bottom 
TOP 

- .  

- 

Bottom 
TOP 

Bottom 
TOP 

TOP 
Bottom 

Top 
Bottom 

. .  

. 

Average ................................................ 
Standard deviation ...................................... 

161 
162 
163 

~ 

164 
165 
166 

167 
168 
169 
~ 

170 
171 
172 

173 
174 
175 

176 
177 
178 

179 
180 
181 
.. ~ " 

3106 

. . .  

3107 

3 108 
. ~. 

~~ ~. 

3109 
..__ 

31 10 

3111 

31 12 

~ 

1- 
1 
I 
1 

" ". - 

0.5000 

. 

0.5016 

." 

0.5017 

. . . . .  

0.5020 

0.5019 

0.5016 

0.5012 

0.7433 

0.7477 
... 

Top & bottom 
". 

0.7445 Top & bottom 
"~ - I 

1 
" ~. - 

. .  

0.7457 TOP 6 bottom 
" . . 

0.7460 

- ~- 1 Top botton 

0.7453 

0.7453 

Top & bottom 

TOP 6 bottaa 

.. 

Failure 
ratio,  strain 
EaIEb 

5.6 
5.0 
4.4 
7.8 
5.2 
5.8 

6.9 
7.0 

4.2 
6.5 

5.1 
3.6 

. -~ 

4.8 
6.2 

5.3 
6.4 

- 

6.5 
7.5 

5.8 
1.2 

-~ 

5.4 
5.2 
3.8 

~ 

4.6 
3.9 
3.6 

... 

5.2 
6.3 
4.2 
~- 

5.1 
7.8 
4.9 

5.3 
5.7 
4.3 

- 

5.9 
6.3 
4.4 

~- 

4.8 
5.6 
3.9 

~ ~- 

Average ................................................. 5.1 
Standard deviation ...................................... 1.0 

0.0024 

0.0025 - 

0.0024 

0.0020 

0.0022 

0.0021 

0.0024 

1 

See footnote on page 14. 
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TABLE 111.- AVERAGE MODULUS  VALUES AND FAILURE STRAINS  OF  DENSIFIED AND 
UNDENSIFIED LI-900 MATERIAL 

T i l e  P l a t e  
no. no. 

1 1 
2 
3 

Nomina 1 
specimen 

thickness ,  in.  

0.25 
38 
50 

0.75 

0.50 

, 
Undensif i e d  Fa i lure  s t ra in  Densified 
modulus, modulus 

psi . Densified Undensified r a t i o ,  Ea/Eb 

22 400 
10.0 23 600 

0 0047 7.9 

0043 9.8 25 600 
0047 

27 200 5.8 

20 500 0 0023 5.1 



TABLE IV.- SPECIMEN  DIMENSIONS  AND TEST RESULTS FOR UNDENSIFIED 

Test 
no. 

182 
183 
184 
185 
186 
187 
188 
189 
190 
191 

192 
193 
194 
195 
" 

Specimen 
identif i- 
cation no. a 

4101 

4102 

LI-2200 TILES 

Width, in. 

0 -4936 

0.4943 

Thickness, in. 

0.241 1 

0.2414 

Average .................................. 
Standard  deviation ....................... 

Calculated 
modulus, 
E, psi 

72 000 
66  400 
66  400 
66  100 
65  700 
67  500 
67  700 
71  400 
70  500 
70  300 

65  100 
67  200 
65  500 
68  500 

67  900 
2 300 

Failure 
strain 

0.0037 

0.0039 

aDescription of specimen identification number: 
1101 - two-digit specimen number 

plate  number 

tile number 
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TABLE IV. - Concluded 

T e s t  
no. 

224 
225 
226 
227 
228 
229 
230 
23 1 
232 

233 
234 
235 
236 

26 1 
262 
263 
264 
265 
266 
267 
268 

Specimen 
i d e n t i f  i- 

ca t ion  no.a 

5101 

5102 

Width, i n .  

0 4943 

0.4958 

Thickness,  in. 

0 3705 

0 3734 

Average .................................. 
Standard  deviat ion ....................... 

0 4990 

- 
269 

272 
27 1 
270 

0 -498 1 0 4945 5202 

Average .................................. 
Standard  deviat ion ....................... 

Calculated 
modulus, 

E, psi 

73 800 
71 900 
76  400 
75  400 
76 000 
75 000 
77  900 
79 800 
79 200 

81 400 
78 500 
82  800 
82 700 

. . .  

77  800 
3 400 

78 000 
81 100 
75 500 
76  500 
80 000 
79 800 
72 500 
77 500 

79 500 
80 000 
71 800 
71 700 

77 200 
3 400 

F a i l u r e  
s t r a i n  

0.0039 
~- 

0.0037 

~~ 

0 - 0034 

0.0038 

See footnote  on page 19. 
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TABLE V.- SPECIMEN  DIMENSIONS AND TEST  RESULTS FOR DENSIFIED 
LI-2200 TILES 

Test 
no. 

196 
197 

198 
199 
200 
20 1 

. .  . 

202 
203 
204 
205 
. " . 

206 
207 
208 
209 

210 
211 
212 
213 

214 
215 
216 
217 

218 
219 
220 
22 1 

222 
223 

Specimen 
i d e n t i f  i- 

ca t ion  no. a 

4103 

4104 

4105 

. .  

41 06 

4107 

4108 

. . - . . . . 

4109 

4110 

Width, i n .  

0 5025 

0.5019 

.. . . 

0.5019 

- 

0.5018 

0 5022 

0.5017 

. . .  .. 

0 -5020 

0.5017 

Thickness,  in. 

0 2363 

0 2386 

. .  

0 2400 

0.2354 

0 2380 

0 2394 

0 2391 

_ _  "____ .. 

0 2400 

Location of 
dens i f ied  

l aye r  

TOP 
Bottom 

B o t t o m  
TOP 

Bottom 
TOP 

TOP 

TOP 

.~ 

.~~ 

Bottom 

Bottom 

B o t t o m  

Bottom 
TOP 

TOP 

TOP 

TOP 
B o t t o m  

B o t t o m  

Bottom 
TOP 

Bottom 
TOP 

TOP 
Bottom 
TOP 

Bottom 

Bottom 

. ..... , _ _  - - - . . . 

TOP 

Average ................................................. 
Standard  deviat ion ...................................... 

Modulus 
ra t io ,  
Ea/Eb 

3.1 
2.5 

2.9 
2.6 
2.5 
2.7 

2.6 
2.5 
2.6 
2.5 

2.5 
2.6 
2.2 
2.5 

3.3 
3.2 
3.0 
2.8 

2.5 
2.8 
2.5 
2.9 

3.2 
3.0 
2.9 
2.9 

. ".. .. .- 

3.7 
3.5 

2.8 
0.4 

Fa i lu re  
s t ra in  

0.0033 
.0022 

0.0034 
.0022 

- .  

0.0036 
0024 

0.0030 
.0020 

0 0037 
0023 

0 0033 
.0020 

0 0036 
.0022 

-__- 

0.0027 
.OO 15 

=Description of  specimen i d e n t i f i c a t i o n  number: 
1101 

two-digit  specimen number 

plate number 

t i l e  number 
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TABLE V.- Continued 

Location of 

~ 

~ 

Specimen 
i d e n t i f  i- 

ca t ion  no.a 

Modulus 
r a t i o ,  
Ea/Eb 

3.5 
2.9 
3.0 

3.6 
3.6 
3.3 
3.6 

3.5 
3 -  0 
3.0 
2.9 

3.1 
3.2 
2.6 
3.2 

3.4 
3.3 

3.7 
3.3 
3.1 

3.6 
3.4 
3.0 
3.4 

3.3 
0.3 

Fai lure  
s t r a i n  

Test 
no. 

237 
238 
239 

240 
24  1 
242 
243 

244 
245 
246 
247 

248 
2 49 
250 
251 

252 
253 

254 
255 
256 

257 
258 
259 
260 

Width, in.  Thickness,'  in. dens i f i ed  
layer 

TOP 
B o t t o m  

TOP 
~ ~~ 

Bottom 

Bottom 
TOP 

TOP 

TOP 

TOP 
Bottom 

Bottom 

5 103 0.5015 0.3658 

5104 0.5017 0 -3657 

0.0041 
-0025 

5105 0 5007 0 3680 

0 0043 . 0 029 

5106 0.5017 0.3666 Bottom 

Bottom 
TOP 

TOP 
0.0042 

0027 

5107 0.5015 0 3680 TOP 
Bottom 

0 0036 
0023 

5108 0.5018 0 3661 TOP 
TOP 

Bottom 

Bottom 
TOP 

TOP 
Bottom 

0.0039 
.0025 

5109 0.5016 0.3655 

0 0043 
.0027 

Average ................................................. 
Standard  deviation ...................................... 

See footnote  on page 21. 
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TABLE V.- Concluded 

276 
277 

278 

28 1 
282 

283 
284 
285 
286 
287 
. -  

288 
289 
29 0 
29 1 
292 

293 
294 
295 
296 
297 

298 
299 
300 
30 1 
302 

303 
304 
305 
306 
307 

Specimen 
i d e n t i f i -  

ca t ion  no.a 

5203 

5204 

5205 

5206 

5207 

5208 
~~ 

"- . .  

5209 

Width,  in. 

0.5020 

0 5022 

0.4991 

0.5019 

0.5018 

0 5023 

0.5009 

Thickness,  in. 

0 4963 

0 4963 

0 4974 

0.4973 

0.4971 

0.4966 

0.4959 

Location of 
dens i f i ed  

l aye r  

TOP 

TOP 
Bottom 

Bottom 
Bottom 

Bottom 

B o t t o m  
TOP 

TOP 
TOP 

TOP 

TOP 
Bottom 

Bottom 
Bottom 

Bottom 
TOP 

TOP 
TOP 

TOP 
Bottom 

TOP 
Bottom 
Bottom 

Bottom 

Bottom 
TOP 

Bottom 
TOP 
TOP 

TOP 

TOP 

.. 

Bottom 

Bottom 
Bottom 

Average ................................................. 
Standard  deviat ion ...................................... 

Moduli 
r a t i o  

3.5 
4.6 
3.2 
3.3 
2.9 

4.9 
3.7 
4.3 
3.8 
3.7 

4.3 
4.4 
4.0 
4.2 
3.4 

4.0 
3.9 
4.2 
3.7 
3.6 

5.0 
5.0 
4.4 
4.6 
4.4 

4.8 
3.7 
4.0 
4.6 
4.8 

. " 

3.5 
3.3 
3.3 
3.4 
3.1 

4.0 
0.6 

Fa i lu re  
s t r a i n  

0.0033 
.0023 

0.0035 
e0023 

0 0038 
.0025 

0.0037 
0024 

0 -0030 
e0018 

0.0035 
.0020 

0.0034 . 0 024 

See footnote  on page 21. 
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T A B L E   V I .  - AVERAGE  MODULUS VALUES AND F A I L U R e   S T R A I N S   O F   D E N S I F I E D  AND 
UNDENSIFIED LI-2200 MATERIAL 

T i l e  
no. no. 

Failure strain Densified U n d e n s i f  ied N o m i n a l  Plate 
s p e c i m e n  modulus m o d u l u s ,  

thickness, in.  Densified U n d e n s i f i e d  r a t io ,  E,/Eb ps i  

4 

; 5  

0 0038 2.8 67 9 C O  0.25 1 

0036 4.0 77 200 50 2 
0.0038 3.3 77 800 0.38 1 I 



Aerodynamic load - 250 l b  

I 

Glass coa t ing  
0.01 

Densif ied  layer  

T i l e  

0.160 

/ 

Aluminum subs t ruc ture  0.015 

Variable per iod  
( 2  half-waves) 

.- 5 -00  - 
Figure 1.- Descr ipt ion of the  t i l e  TPS cons idered   in   the   ana lys i s .   Subs t ruc ture  

deformation  includes  0.2-percent  inplane  stretching  and 280°F d i f f e r e n t i a l  
temperature  thermal  expansion.  Linear  dimensions  in  inches.  
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1 6  

1 4  

1 2  

10 

Stress, 
psi 

8 

6 

4 

2 

0 

(a) Tensile  properties. 

SIP s t i f f n e s s  ra t io  

10  5 2 1 

1 . 2  . 3  .4 .5 

S t r a i n ,  E 

Figure 2.- Stress-strain  properties  for  the 0.160-in-thick SIP. 
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SIP s t i f f n e s s   r a t i o  

16 

14 

12 

10 

Shear 

psi 
s t r e s s ,  8 

6 

4 

2 

0 

2 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

1 

1 

data 

0 . 5  1 .o 1.5 

Strain,  y 

(b) Shear properties.  

Figure 2.- Concluded. 
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0.50  

28 

0.25  
0.38 
0.50 
0.75 

Figure 3 .- Specimen dimensions and o r i e n t a t i o n   i n  t i l e .  Dimensions i n   i n c h e s .  





W 
0 

Figure 5.- Photograph of typical densified  and undensified tile  surfaces. 
L-81-9921.1 



f 
0.10 i n .  

683-93  

Figure 6.- Photomicrograph of typ ica l   c ross   sec t ion  of dens i f ied  LI-900 
t i l e  specimen. 

3 1  



Figure 7.- Sketch of test  setup.  Dimensions i n   i n c h e s .  

32 



Figure 8.- Cantilever beam gages  used to measure  deflection of the  test  specimens.  Dimensions  in  inches. 
w 
w 



W 
lb 

Figure 9.- Photograph of test  setup. 



P 

T e s t  beam 

Densif ied  layer  

A 

ymax 
P 

- " 

................................................................ ................................................................ ................................................................ ................................................................ 

Densi f ied   l ayer  

/ 
Test beam 
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P P 

Tota l   load ,  
2P, lb 

A C B 

C 

0 0.005 0.010 0.015 0.020 0.025 0 . 0 3 0  

Deflection, in. 

Figure 11.- Typical   load-deflect ion  curves  for an  LI-900 dens i f i ed  t i l e  specimen. 
Densified material i n   t e n s i o n .  
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4 

Total load, 
2P, lb 

Densified;  test  numbers 
96, 99, 101, 105, 109,  113,  117 

I / 

2 

Undensified; test 
84,  88, 92 

I 

0 0 .002  0.004 0.006 0 -008 0.010 

Deflection, in. 

numbers 

Figure 12.- Typical load-def lection results for densified and undensif ied 
LI-900 tile specimens. 
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14 

12 

10 

8 

E a 

Eb 
- 

6 

4 

2 

0 

"""- 
1 

\ 
\ 

0.25-in-thick  specimen 

I I I I 
0.04 0.08 0.12 0.16 

Assumed th ickness  of d e n s i f i e d   l a y e r ,   i n .  

Figure 13.- Effect of assumed thickness  of the d e n s i f i e d   l a y e r  on the   ca l cu la t ed  
effective modulus for  dens i f i ed  LI-900 t i l e  material. 



3 'E 
2 -  

Inplane 
strain 

-2 - 

-3  I 
0 1.0 2.0 3.0 4.0 5 . 0  

Distance  along  tile, in. 

(a) Tile/SIP interface. 

5r 

Inplane 
strain 

4 

3 

2 1  
1 

0 

-1 

-2  

- 3  

-4 

-5 
0 1.0 2.0 3.0 4.0 5.0 

Distance  along  tile, in. 

(b) Glass coating. 

Figure 14.- Typical inplane strain  distributions in undensified  tile with 
substructure  deformation  and  applied  static  loads  representative of the 
highly loaded regions. N is the number of half-waves in the substructure. 
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Load + deformation 
3 -  

2 -  

Deformation 

Inplane  
s t r a i n  ""." 

""" 

-1 

-2  

- 
- 

- 3  t 
-5 -4 4 0 1.0 2 . 0  3 . 0  4.0 5.0 

Dis tance   a long  t i l e ,  i n .  

(a) Tile/SIP interface. 

3 

2 t  7 Subs t r a t e   de fo rma t ion  

\ 
Inplane  
s t r a i n  

0 

-I t - Load + s u b s t r a t e  

-2 t deformation 

-5 I I I I I  I I 
0 1.0 2 .0  3.0 4.0 5.0 

Dis tance   a long  t i l e ,  i n .  

(b) Glass coating. 

Figure 15.- Effects of static load and substructure  deformation on maximum strain 
distribution in undensified tile. Substructure deformed in three half-waves. 
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3 1 -  
,- Undensified 

Densified 

Inplane 
strain 0 

0 1.0 2 . 0  3 . 0  4.0 5 . 0  

Distance  along  tile, in. 

( a )  T i l e / S I P  i n t e r f a c e .  

1l- ,- Densified 
Inplane I 
strain 

-l t \ 
-2 t Undensified 

-5 I I I I I I I  I I I 
0 1.0 2 . 0  3 .0  4.0 5 . 0  

Distance  along  tile,  in. 

(b) Glass  coating. 

Figure 16.- E f f e c t  of d e n s i f i c a t i o n  on maximum s t r a i n   d i s t r i b u t i o n s   i n  tiles 
subjected to  appl ied  static loads   representa t ive  of the  highly  loaded  region 
and to  substructure   deformations.  

4 1  



2c 

1E 

1( 

Max. 
strain 

0 

-5 

-10 

Tensile  modulus 
/ 

" Shear  modulus 

---- Tensile  and  shear  moduli 
- 

- 

SIP/tile  interface 
- 

/ 
/ 

""" 

~~ 

"""-,-, 

Glass  coating 

- 

i 1 1- ~ ~ ~ "-1 ~ ~~ ~~~ "J 
0 2 4 6 8 10 
Ratio  of  modulus  of  stiffened SIP to  modulus  of  standard SIP 

Figure 17.- Effect  of SIP tensile  and  shear  moduli  on  maximum  inplane  strain  for 
2.0-in-thick  tile  subjected  to  simulated  flight  static  loads  and  substructure 
deformation. 
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Avg. f a i l u r e  
s t r a i n  

Max. 
s t r a i n  

-0008 

-0006 

-0004 

0.0023 Dens i f ied   l ayer  

0.0010 Glass coa t ing  

\ Densi f ied   l ayer  a t  t i l e / S I P  
i n t e r f a c e  ---- Glass coating  (compression) 

\ 
\ 
\ \ 

S t i f f e n e d  

-0002 - 

Standard S IP  

0 0.5 1 . 0  1 .5  2 . 0  

T i l e  t h i c k n e s s ,   i n .  

s I P  

Figure 18.- Ef fec t  of t i le  th ickness  on maximum s t r a i n   i n   S h u t t l e  tiles mounted  on 
standard  and  st iffened  0.160-in-thick  SIP for loads and  substructure   deformations 
as d e f i n e d   i n   f i g u r e  1.  Shear   and  tensi le   moduli   of   s t i f fened SIP  are 10 times 
those of s tandard  SIP. 
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7 
0.06 

1 
in. 

L-83-94 

Figure 19.- Photomicrograph of t y p i c a l  cross s e c t i o n  of dens i f ied  LI-2200 
t i l e  specimen. 
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7 

E 

5 

4 

E 

E 
a 

b 
- 

3 

2 

1 

\ 0.50-in-thick  specimen 

\ ’, 

0 0 . 0 2  0.04 0.06  0.08 0.10 

Assumed th i ckness  of d e n s i f i e d   l a y e r ,   i n .  

Figure 20.- E f f e c t  of  assumed thickness  of t h e   d e n s i f i e d   l a y e r  on t h e   c a l c u l a t e d  
e f f e c t i v e  modulus f o r  LI-2200 t i l e  material. 
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